Introduction
Optimisation of activity and selectivity in catalysis requires deep understanding of the atomic and molecular-level processes occurring during reactions. A first step towards this goal is to obtain robust information on the structure of nanophase catalyst materials at the atomic level, particularly with respect to nanocrystal surfaces and the immediate sub-surface region. At the nanoscale, morphological constraints upon thermodynamically stable particle structures dictate the type and extent of different crystallographic surface facets. In such situations bulk stoichiometry may be modified and/or variations in atomic termination of different surface facets may be observed. The ability of cerium dioxide to catalyse redox reactions and its application in solid oxide fuel cell anodes is due to the multiple valency of cerium in both 3 + and the 4 + oxidation states, and the mobility of oxygen anions. A better understanding of the mechanism of oxygen buffering in this material is sought and experimental studies of cerium dioxide nanoparticle surfaces will provide key insights. In the present study, advanced electron microscopy based techniques are used to experimentally deduce the physical and chemical structure of cerium dioxide nanoparticle surfaces.
Experimental Method
Our methodology employs commercially available cerium dioxide nanophase powder (average particle size 15 nm, Pi-KEM Ltd.). Particles were suspended in isopropanol, ultrasonicated for 10 minutes and then dropcast directly onto holey carbon coated copper TEM grids. Electron microscopy was performed using a JEOL JEM-2200MCO aberration-corrected (S)TEM, operating at 200kV. The electron energy spread was 0.6eV, spherical aberration corrected to a value of -5µm, focal spread 3.8nm and beam divergence was 0.1eV. High Angle Annular Dark Field (HAADF) Scanning Transmission Electron Microscope (STEM) imaging and EELS was performed on a JEOL R005 (S)TEM, also operating at 200kV, with EEL dispersion of 0.2eV/channel and collection angle 50mrad. Focal series reconstruction was performed using the FTSR plug-in for Digital Micrograph (HREM Research) and multislice HRTEM image simulation.
Results and Discussion
A selection of cerium dioxide nanoparticles were imaged by aberration-corrected HRTEM. Figure 1 shows typical examples of nanoparticles originating from the nanophase powder. These images are the phase of the specimen electron exit-wavefunction, each is reconstructed from a focal series of 20 images, with half taken below Gaussian focus and half over. In figure 1(a) part of a single nanoparticle orientated close to the <110> direction with respect to the electron beam is shown. Typically particles would flocculate such that only part of their structure was clearly visible in HRTEM. This particle shows clear {111} facets and also a {100} facet. It should be noted that under electron irradiation the surface atomic structure of {111} type facets was very stable over the course of the experiment, however the {100} type showed significant mobility of the Ce ions for almost all particles surveyed. From individual HRTEM images and certainly the exit-wavefunctions presented here, features corresponding to both cation and anion species may be tentatively identified within the images. Particles orientated in the <110> direction have {111} planes that alternate between complete Ce and O planes. Interpretation in the <110> direction is further simplified by each individual column having either a sole Ce or O occupancy along the beam direction. In figure 1(a) , large bright spots corresponding to Ce columns and smaller satellite spots corresponding to the oxygen columns may be seen. Figure 1 (b) shows a cerium dioxide particle orientated near to the <001> direction, particles orientated in this direction were much less common and also less suitable for surface termination studies since facets contain both Ce and O atoms along their length. since it is attached to other particles at only one side, leaving a number of free surfaces to be studied in isolation. The surfaces in the restored phase image parallel to the electron beam have been characterised by extracting average line profiles and matching these to equivalent profiles extracted from simulated structural data. One set of profiles bisects a {111} facet (profile 1) and the other bisects a {100} facet (profile 2). Exit-wavefunctions are generally free from significant aberrations and imaging artefacts so greatly simplify comparison with calculated data, relative to single conventional HRTEM images. Figure 2 (b) plots these average line profiles, where the vacuum level is represented on the far left of the profile. The main peaks in both profiles represent the terminal white spot at either surface; that is the final Ce column position. The main difference between the two profiles is that profile 1 exhibits a smaller secondary peak to the left of the main peak. This smaller peak (indicated by an arrow in figure 2(b) ) at the very surface of the {111} facet was found for all {111} facets surveyed for all particles in this orientation, and corresponds to the small spots visible in the image. We attribute these to an oxygen surface termination of the {111} facets. Multislice simulations of the phase of the exit wave-function were performed, where the termination of the cerium dioxide particle was varied between Ce and O for both the {111} and {100} surfaces. Figure 3 demonstrates that when the surface is oxygen terminated a line profile across the restored phase exhibits a shoulder with a maximum phase shift of ~20% of the maximum at the cerium metal position (indicated by the arrows in Figures 3(a) and 3(b) ). Comparison of these simulations with the experimentally restored phase images leads to the conclusion that the {111} surfaces are oxygen terminated whereas the {001} surfaces are metal terminated, in agreement with previously reported theoretical calculations [1] . The valency of the cerium ions was deduced using Electron Energy Loss Spectroscopy (EELS) via observation of the ratio of the Ce M 4 /M 5 peaks. Figure 4 shows EEL spectra recorded as a function of distance from a {111} surface in order to monitor the cerium oxidation state during beam induced reduction. Figure 4 (c) shows that the perpendicular distance from the {111} surface at which a Ce 3+ species is present may be determined from local measurements of the M 4 /M 5 peak ratio. This distance varied with increased exposure to the electron beam and demonstrated a change from Ce 4+ to Ce 3+ beginning at the surface of the particle. This result provides direct experimental verification that oxygen vacancy diffusion into the particle is favored until the whole particle is eventually transformed. Sputtering of oxygen ions via the focused electron beam is also a factor in the observed change in Ce ion valency, however given the low electron dose in the initial 
Conclusions
The surface structure of cerium dioxide nanoparticles was investigated through aberration-corrected HRTEM and exit-wavefunction restoration. The {111} surfaces of nanoparticles viewed in the <110> direction were found to have an oxygen termination, while the apical {100} surfaces were seen to have a cerium termination. EELS was used to measure the valency of cerium ions on the surface and subsurface layers of the nanoparticles. A trend from Ce 3+ at the surface to Ce 4+ within the interior was noted and showed that particle reduction proceeds from the surface inwards.
